The impact of cardiovascular disease was compared in non-diabetics and diabetics in the Framingham cohort. In the first 20 years of the study about 6% of the women and 8% of the men were diagnosed as diabetics. The incidence of cardiovascular disease among diabetic men was twice that among nondiabetic men. Among diabetic women the incidence of cardiovascular disease was three times that among nondiabetic women.
THE DISCOVERY OF INSULIN in 1921 and the later availability of the oral hypoglycemic agents has shifted the problem of diabetes from the acute metabolic consequences of ketoacidosis and coma resulting in early death, to the cardiovascular sequelae in later life. Despite the availability of effective hypoglycemic agents and more sensitive diagnostic methods allowing earlier treatment, physicians continue to encounter an excessive incidence of coronary heart disease, strokes, renal failure, retinopathy, neuropathy, and congestive heart failure among their diabetic patients. There is a need to explore further the details of the relation of diabetes to the development of cardiovascular disease (CVD).
In this report we examine the relationship of the evidence of diabetes to subsequent CVD in the presence of other cardiovascular risk factors. In particular, the question of interaction between diabetes and other cardiovascular risk factors is explored.
Methods
The Framingham Study has been in continuous operation for 25 years, following a cohort of 5209 men and women aged 30-62 years at initial examination biennially to learn in what areas those who develop CVD differ from those who remain free of it. At each biennial examination each participant was given a thorough standardized cardiovascular examination which also elicited information concerning their physical characteristics, living habits, blood chemistry and other characteristics suspected of contributing to the occurrence of CVD.1 This was supplemented by information on cardiovascular illness and death from daily surveillance of hospital admissions to the only hospital in town, attending physician's and medical examiner's reports, information from the spouse and other extra-clinic sources. 2 Details of the laboratory methods and clinical criteria used are available elsewhere.' Clinical cardiovascular end points were established from biennial clinical examinations confirmed by two physician examiners, panel review of hospital protocols and death certificates, ECG findings and cardiac enzymes.
A description of the method of measurement of risk factors and the precise criteria for a definition of diabetes may be found elsewhere.' A person was diagnosed as having diabetes mellitus if he or she was under treatment for diabetes or had elevated casual blood glucose determinations at two successive examinations.
Follow-up of the cohort has been reasonably complete, with 3% lost to follow-up for cardiovascular mortality in 20 years. For each examination there was an 85% participation level. The rest were examined at less frequent intervals, with 69% total population participation over all examinations up to and including the tenth biennial examination or until the time of their death. Few cardiovascular events were unaccounted for, since we arranged later examinations for those missed, had daily hospital surveillance and obtained other ancillary information.
Statistical Methods
Prevalence of diabetes as reported here is a weighted average of prevalence over the period of follow-up. The prevalence at any exam was weighted by the number of persons taking the exam.
It has been shown in previous reports" 2 that diabetics have a higher risk of CVD at any level of risk factors. The question in the present report is whether the impact of risk factors on the development of CVD is the same for diabetics and non-diabetics. In terms of statistical hypotheses, this is the hypothesis of no second order interaction. The no second order interaction hypothesis, when applied to several 2 X 2 contingency tables, is expressed in terms of the equality of odds ratios. A model which is easily applied to testing the no second order interaction hypothesis is the logistic model. Testing the equality of logistic coefficients is equivalent to testing the no second order interaction hypothesis.
The logistic function assumes that the probability of a person developing disease in some specified time frame, given the values of several baseline characteristics x1, . . . , Xr is: P (event/xl ... , Xr) = 1/(l + exp(a -,x,-.
where a and #3 ..r are unknown parameters. Given the baseline characteristics and the subsequent disease experience of a population, maximum likelihood estimates of a and ,3 can be obtained using a Newton-Raphson iterative procedure as suggested by Walker and Duncan. 3 In order to assure roughly equivalent follow-up for all participants and to obtain maximal use of the data, the data from all 10 biennial exams were pooled. At any exam all persons at risk of CVD at the exam are classified according to the values of the characteristics being considered. A person is considered at risk of CVD if he has not previously been diagnosed as having either CVD or rheumatic heart disease. A person remains at risk according to this classification until the next biennial exam, when he or she is reclassified according to his new values for the characteristics of interest. Thus, a person might contribute follow-up to more than one age group and would be considered a nondiabetic until diagnosed as being a diabetic. The method of pooling is analogous to using person years in that each person contributes 2 years of experience at each examination.
The logistic function may be used for two purposes. First, it may be used to model the occurrence of CVD given the values of specified risk factors. Secondly, preliminary models can be tested in order to analyze the relationship of antecedent factors to the incidence of CVD. It is for the latter purpose that the logistic function was used in the present report. Earlier reports have indicated that diabetics have a higher risk of CVD at any level of risk factors. The question here is whether the impact, e.g., of an elevated blood pressure, is different in diabetics and non-diabetics; that is, whether there is interaction between diabetes and blood pressure. In terms of the logistic function, this is the question of whether, if we estimate univariate logistic coefficients for diabetics and non-diabetics, the d associated with blood pressure is the same in diabetics and non-diabetics. If no interaction is found, the best estimates of the A3s would be those derived from pooling diabetics and non-diabetics and using a model including a term for diabetics status. For this reason the coefficients presented here should be viewed as analytic tools rather than part of predictive equations; thus, only ,Bs are presented.
An issue not directly related to interaction, but of interest, is whether the relative impact of the risk factors is the same for diabetics and non-diabetics. To judge this, the coefficients must be transformed so that they refer to the same scale. This was accomplished by calculating standardized coefficients, i.e., each estimated coefficient was multiplied by the standard deviation of the variable with which it was associated. The magnitude of these standardized coefficients can then be compared for the different risk factors.
Before proceeding further with the anlysis of interaction, we had to decide how to handle age. First, we considered the question of an age and diabetes interaction. Although the impact of diabetes appeared to wane with age, the trend was not statistically significant, and hence, in the succeeding analysis we made the assumption of no age and diabetes interaction. Two methods of accounting for age were available. First, age could have been included in the model and coefficients estimated over the age range. Secondly, the analysis could be done within age ranges and the results summarized. Although both methods were done and basically identical results achieved, the latter method was selected for presentation because we believed the majority of readers would prefer to see age-specific results.
Given two independent estimates of (, and their standard errors, the difference may be tested using an approximately normal statistic. That is, since the (3s are asymptotically normal, the difference divided by the standard error of the difference is asymptotically normal under the hypothesis that the ,Bs are equal. One further decision was necessary. Should the differences be tested age-specific or in some summary form? Here, we are faced with a multiple comparisons problem. We would be making 24 age-sexspecific comparisons, and thus would expect one or two significant results on a random basis. We felt that the safest inferences were to be made on a summary basis. To summarize the results, an average ( and its standard error for each sex-specific diabetic group was calculated. The average ( was calculated as the weighted average of the three (s, the weights being the inverse of the associated variances. Given an average coefficient and its standard error for the diabetic and non-diabetic groups, the hypothesis that the two are equal may be tested in the same manner as described previously.
Age adjustment was accomplished using the logistic function by first estimating the coefficients for a model, including age and diabetes as risk variables. A probability of developing an event was calculated for each person according to his or her true diabetic status, but adjusting to age 60 years. These assigned probabilities were summed within sex and diabetic status categories. The resulting sums can be viewed as the expected number of cases if everyone were age 60 years. Only persons free of CVD and RHD are included in the population.
Numbers and prevalence are over the period of follow-up (see text).
Abbreviations: CVD = cardiovascular disease; RHDrheumatic heart disease. CVD includes atherosclerotic and hypertensive cardiovascular disease.
The results were normalized so that the expected total number of cases for either sex agrees with the observed number. The rates calculated from these normalized results are termed age-adjusted rates.
Results
Over the 20-year period, the prevalence of diabetes in both sexes increased with age. There was a higher prevalence of diabetes in men in the younger age groups, but the difference in prevalence between the sexes decreased in the oldest age group. The overall prevalence was 7.8% for men and 6.2% for women (table 1) .
For all age groups and in both sexes the incidence of CVD was higher among diabetics than non-diabetics. Overall, the incidence of CVD among diabetic men was roughly twice that among non-diabetic men. Among diabetic women, the incidence of CVD was almost three times that among non-diabetic women (table 2). The risk ratios appear to decrease with advancing age; however, the age trend is not statistically significant. Table 3 gives age-adjusted mean level of the cardiovascular risk factors to be considered. These means are given by diabetic status, and by whether a cardiovascular event occurred in the 2 years subsequent to the measurement. Diabetic men, both cases and non-cases, were more obese, had lower cholesterol, and smoked less than their non-diabetic counterparts. While diabetic men who were non-cases had higher blood pressure than non-diabetics, among cases, the mean level of pressure was roughly the same. Diabetic women, both cases and non-cases, were more obese and had higher blood pressures and cholesterols, but smoked roughly the same amount as their nondiabetic counterparts. Table 4 gives the standardized univariate logistic coefficients for systolic blood pressure in the various age-sex-diabetic status categories. It should be kept in mind when considering these coefficients for specific age groups that those for diabetics are estimated using rather small numbers (table 1). The variances of the estimated coefficients for diabetics are very large because of the small numbers involved. The coefficients displayed are standardized coefficients, so that their magnitude, and hence, the differences in their magnitude, are in general larger than for the estimated coefficients. This should be noted also when considering the coefficients for the risk factors to be considered in the following. Standardized coefficients were used to allow a comparison of the impact of the various risk factors with each other on an equal footing.
The average coefficient for systolic blood pressure is smaller among diabetics than that among non-diabetics for both sexes; however, the averages do not differ significantly in either sex. Thus, the regression of incidence of CVD of blood pressure cannot be said to differ in diabetics and non-diabetics. Table 5 gives the standardized univariate, logistic coefficients for serum cholesterol in the various categories. Here, also, the average coefficients for the diabetic and non-diabetic groups do not differ significantly for either sex. Table 6 displays the standardized univariate logistic coefficients for cigarettes. Here not only are the differences in the average coefficients of diabetics and of non-diabetics non-significant, but also the absolute magnitudes are roughly the same in spite of the small numbers. Table 7 gives the standardized logistic coefficients for Metropolitan Relative Weight for the specified categories. Although large differences in magnitude are shown, the average coefficients for diabetics and for non-diabetics do not differ significantly, nor are they consistent in direction in each age group and sex. There is no indication of a greater impact of obesity in diabetics. Discussion Diabetics have an increased risk of cardiovascular morbidity and mortality.4-8 They particularly have an increased risk of congestive failure.9 Diabetics in less affluent societies have fewer cardiovascular complications compared with non-diabetics in the same area and to diabetics in affluent societies.10 This suggests that not all diabetes is the same or that other factors markedly influence its impact on health.
Diabetes mellitus was originally considered a simple consequence of a pancreas unable to produce enough insulin, causing the blood sugar to become unduly elevated which, in turn, produced a series of disastrous metabolic alterations culminating in coma and death. Current concepts are more complex. Diabetes beginning in childhood is usually due to severe insulin deficiency; when it first appears in adult life, it is often associated with normal or increased insulin levels. In the latter case, something interfering with insulin utilization seems more likely.
The cause of hyperglycemia, which is the sine qua non of "diabetes," is still obscure. At times it can be traced to specific causes such as chronic pancreatitis, thyroid, adrenal or pituitary endocrine disorders and as a consequence of steroid, diuretic or oral contraceptive administration. Viruses (particularly B-4 coxsackievirus) may also play a role. However, in most cases of either adult or childhood onset diabetes, the reason for underproduction of insulin or for less effective insulin production is poorly understood. Genetic factors undoubtedly play a role, and diabetes definitely runs in families. However, the pattern of inheritance is more complex than originally thought, and it is not possible to predict accurately whether parents with diabetes will transmit the disease to their offspring.
The cardiovascular sequelae of diabetes may differ, depending on whether the diabetes is hyperinsulinemic, early or late in onset, caused by some known cause, or treated or untreated. These possibilities are not addressed in this report.
It is not clear whether, when considering cardio- vascular disease prevention, screening for asymptomatic hyperglycemia is justified. Unlike blood pressure, where even in the absence of symptoms, treatment may be proven effective, it is not established whether treatment of mild, asymptomatic hyperglycemia will prevent damage to the heart, brain, kidney or eye. However, such information used in conjunction with other cardiovascular risk factors might help in risk assessment to indicate the urgency for other interventions of proven efficacy. Numerous reports of risk factors in the diabetic are available, including some on the question of interaction. The elevated blood pressure of diabetics in the Framingham study has been reported previously.4 This finding is in accord with some findings,'3 while it differs with others.'4 The interaction between diabetes and blood pressure has also been investigated. In one study'4 an interaction was found, while in another study it was not.'5 Both of these studies were of mortality. In the study finding interaction, it was reported that diabetics tolerated hypertension less well than non-diabetics.
In comparisons of lipid values of diabetics and nondiabetics, diabetics have generally been found to have elevated cholesterol values. 16 The female diabetics in the Framingham study have a generally higher level of serum cholesterol; the males have a lower level.
Possible differences in treatment are not taken into account in the present analysis. Other studies have indicated that diabetics who develop atherosclerotic complications have higher cholesterol values than those who do not,19 but there does not appear to have been any previous analysis of possible interaction between cholesterol and diabetes.
Some studies of cigarette smoking among diabetics have been published.20 22 The finding of reduced cigarette consumption among diabetic males appears to be unique to Framingham. Although the question of interaction between diabetes and cigarette smoking has been raised,23 the present report appears to be the first formal analysis of the question. The finding of higher relative weights and no interaction between relative weights and diabetes is in accord with previous reports. 15, 24, 25 In general, it does not appear that diabetics cope less well with risk factors than do non-diabetics. Although the present analysis is based on a limited number of diabetics, the evidence is consistently against interaction between diabetes and cardiovascular risk factors. 
